Electrical manipulation of an electronic two-state system in Ge/Si quantum dots 
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We calculate that the electron states of strained self- assembled Ge/Si quantum dots provide a 
convenient two-state system for electrical control. An electronic state localized at the apex of the 
quantum dot is nearly degenerate with a state localized at the base of the quantum dot. Small 
electric fields shift the electronic ground state from apex- localized to base- localized, which permits 
sensitive tuning of the electronic, optical and magnetic properties of the dot. As one example, 
we describe how spin-spin coupling between two Ge/Si dots can be controlled very sensitively by 
shifting the individual dot's electronic ground state between apex and base. 

PACS numbers: 73.63.Kv, 03.67.Lx 



Introduction. — Confinement of electrons in semicon- 
ductor quantum dots allows the energy, optical response, 
and spin response of the electron to be controlled through 
design of the structure and the controlled application of 
electric fields [TJ [2]. Material composition, strain, and 
structure all contribute to the confining potential of the 
dot, which can differ greatly for electrons and holes. Elec- 
tric fields can confine single electrons to quantum dots in 
group-IV and III-V semiconductors, but only at very low 
temperature [2] |3l 11]. Single electrons can be confined to 
single dots at room temperature, but only if the domi- 
nant confining potential is from structure and composi- 
tion, not from electric fields. Thus one might expect only 
small changes in ground state properties to be achievable 
at room temperature with an applied electric field. 

We report here that the ground state properties of elec- 
trons confined to Ge/Si quantum dots at room temper- 
ature can be sensitively tuned with electric fields due 
to the unusual near-degeneracy of two classes of elec- 
tronic states. The lowest electronic states of Ge/Si quan- 
tum dots are confined predominately in the silicon sur- 
rounding the germanium 0. We find that the lowest 
energy states are at the apex (apex-localized-states, or 
ALS) and the next lowest energy states are at the base 
(base- localized states, or BLS). The energies of these two 
classes of states, ALS and BLS, are similar enough that 
a moderate electric field can change the ground state 
from an ALS to a BLS. An electron confined to a Ge/Si 
quantum dot thus forms a simple single-electron switch, 
and all ground-state properties of the dot should be very 
sensitive to the applied electric field. After presenting 
our calculations of the ALS and BLS states, and their 
electric-field response, we analyze the nature of the spin- 
spin coupling between neighboring quantum dots, and 
show that the exchange coupling between two ALS or two 



BLS states can be substantial, whereas the ALS-BLS cou- 
pling is minimal. For spin-based computation [6, 7J, and 
especially for quantum computation using Ge/Si quan- 
tum dots [8 , this permits control of two-qubit gates much 
more sensitively than by changing the exchange constant 
by changing a state's binding energy and thus its wave- 
function decay length. 

Method. — We have calculated the electronic states of 
Ge/Si quantum dots using a strain-dependent four-band 
k- p theory for the valence states [9 , and multi- valley 
anisotropic effective mass theory for the conduction 
states. The conduction states were calculated using an 
anisotropic effective mass theory with three components, 
one for each direction in which the A- valleys occur. Due 
to strain, the band edge for a conduction band valley in 
the i-direction undergoes a strain-induced shift given by 



AEc = Ed e^Eu en (1) 



where en is the diagonal element of the strain tensor, and 
e = en is the hydrostatic strain. 

The strain due to the lattice mismatch between Si and 
Ge was calculated using continuum elasticity and cube 
shaped linear finite elements, with one element per unit 
cell of the crystal [9 . The strain was then used as input to 
the calculation of electronic bound states in and around 
the island, using the envelope approximation on a real- 
space grid, with energies and wave functions computed 
using the Lanczos algorithm. 

The Hamiltonian for the conduction states is given by 
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where each of the iJ^'s are defined by 
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where r are the locations of grid sites, e is the grid spacing 
(taken to be equal to the lattice constant for Si), and V^(r) 
includes the strain induced shift given by Eq. [l] The 
longitudinal and transverse effective masses my and m_\_ 
are given in Table [ij Valleys related by spatial inversion 
(e.g. [100] and [100]) are treated as equivalent. 



Parameter 


Si 


Ge 


Eg 


1.170 eV 


0.740 eV 


Ey 


eV 


0.370 eV 


71 


4.26 


13.35 


72 


0.38 


4.25 


73 


1.56 


5.69 


ay 


-2.1 eV ^ 


2 eV 


b 


-2.2 eV 


-2.9 eV 


d 


-5.1 eV 


-5.3 eV 


dlatt 


0.5431 nm 


0.5657 nm 


Cxxxx 


1666 GPa 


1290 GPa 


Cxxyy 


640 GPa 


480 GPa 


Cxyxy 


800 GPa 


670 GPa 




10.5 eV ^ 


16.8 eV ^ 




1.1 eV " 


-4.43 eV ^ 


m\\ 


0.1905 mo 




m± 


0.9163 mo 





^Reference Ho] 

TABLE I: Material parameters used in the calculations, taken 
from Ref. 11 except where noted. The gaps are the unstrained 
indirect gaps appropriate for each material, E] 
for Ge. Ey is the unstrained valence energy. 



^ for Si and Eg 



Results. — Fig. 1 shows the strain for the Ge/Si island 
we consider, with a height of 2 nm and a base diameter 
of 8.4 nm. The strain components are labeled in Fig. 
1, and the dashed line is the hydrostatic strain. Strain 
splits A- valleys in Si above the Ge dot, with 2 valleys 
forming wells (here the [001] and [001] valleys), and 4 
forming barriers. 

Figure 2 shows the local strain-induced band structure, 
which is computed at each point in the structure as the 
band energies that would result in bulk material expe- 
riencing the same value of the strain as at that point 
in the dot structure. The graph shows those energies 
along a line in the [001] direction through the center of 
the Ge dot. For the valleys along the [001] direction the 
strain induces a confining potential 0.5 eV deep below 
the dot and 0.9 eV deep above the dot. Fig. 2 shows 
that spatially indirect band edges result from the strain. 
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FIG. 1: Strain along a line in the [001] direction through the 
center of the dot. The strain components are labeled on the 
curves; the dashed line is the hydrostatic strain. 
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FIG. 2: Band structure of a Ge/Si quantum dot. Curves 
indicate the k=0 energies for bulk materials having the same 
strain as a given point in the structure. The conduction band 
states are for the A-point. 



in which holes are confined to the Ge dot and electrons 
are confined to the Si material surrounding the dot. The 
wave functions in the absence of electric field are shown 
in Fig. 3; the holes are confined to the Ge dot, and the 
electrons are confined to the strain-induced pocket in Si 
above the dot. From the strain shown in Fig. 1 and 
the conduction band edge shift given in Eq. ([T]) we see 
that the strain above the Ge island shifts the conduction 
energy downward for the valleys in the [001] and [001] 
direction, while the valleys in the other directions are 
shifted upward. 

Field Dependence. — The existence of distinct potential 
wells above and below the Ge island suggests the possi- 
bility of manipulating the electronic potential with an 
applied field. With a sufficiently large electric field the 
potential well below the dot will have a lower energy. 
The insets in Fig. 4 show |'0(r)p as a function of the 
electric field. At small applied fields the electron is lo- 
calized in the well above the Ge island (ALS). For larger 
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FIG. 3: Contours of for electron (red/light) and hole 
(blue/dark) in the absence of an electric field. 
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FIG. 4: Electric- field dependence of the exchange coupling 
of one dot to another dot with an ALS located 36 nm away 
(green, light) and to another dot with a BLS located 36 nm 
away (purple, dark). Inset images show the change in electron 
localization from above the dot at 2.0 kV/cm to below the dot 
at 3.0 kV/cm. 

fields the electron is localized in the well below the Ge 
island (BLS). The switch of the ground state from ALS 
to BLS occurs for a change of electric field strength of 
merely 0.1 kV/cm. If the dots can be confined to a re- 
gion 10 nm thick, that change in field corresponds to a 
0.1 mV change in voltage. At finite temperature, how- 



ever, both the ALS and BLS will be occupied unless the 
energy difference between the two exceeds ksT. Thus, 
for temperatures above ~ IK a larger field will be re- 
quired to effectively switch from ALS to BLS. For the 
dot in Fig. 2, at room temperature, which has a distance 
of ~ 3 nm from the peak of the ALS to the peak of the 
BLS, a shift of ~ 100 kV/cm would be effective. Such a 
field is still below the breakdown field of this material. 

As a small field shifts the electron from an ALS to 
a BLS, all electronic properties of the dot can be ex- 
pected to change rapidly with an external electric field. 
As a specific example we estimate the exchange interac- 
tion between two electron spins confined to two different 
dots, either in ALS or BLS. When the electrons are both 
in ALS the lateral decay length is 6 nm, whereas when 
the electrons are both in BLS the lateral decay length is 
12 nm. The coefficient of the exchange decay is 10 meV 
for both ALS and BLS. Thus for dots 36 nm apart the 
exchange coupling is 500 /ieV for BLS and 25 jaeV for 
ALS. There is a negligible overlap of an ALS and a BLS. 
Thus, as shown in Fig. 4, if one dot has an electron in an 
ALS the exchange coupling can be changed from 25 fieV 
to with a small electric field change, whereas if one dot 
has an electron in a BLS the exchange coupling can be 
changed from 500 /ieV to with a small electric field. 
This provides a quasi-digital approach to controlling the 
exchange interaction between two electrons confined to 
two quantum dots. 

Conclusions We find that the lowest-energy conduction 
electron states in Si/Ge quantum dots are either apex lo- 
calized or base localized, depending on the value of a 
small applied electric field. The localization potential in 
the Si comes primarily from the inhomogeneous strain 
induced by the dot. A small electric field can shift the 
electrons from an ALS to a BLS reversibly, thus mod- 
ifying the material properties of the dots. For laterally 
coupled dots, individually gated dots could have their ex- 
change interactions controlled in a quasi-digital fashion, 
modified from 500 jaeV to with a change of voltage of 
only ~ 0.1 mV. 
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